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1. Introduction 
(-)-Cyclopenin (cyn) and (->cyclopenol (cyl) 
(fig. 1) are benzodiazepine alkaloids produced by 
certain strains of Penicillium cyclopium Westling 
[ 11. From the chemical and biochemical point of 
view both alkaloids are derivatives of the cyclic 
dipeptide of anthranilic acid and L-phenylalanine 
[2, 31. The epoxide ring in cyn and cyl and the 
m-hydroxy group in cyl suggest he participation 
of mixed functional oxygenases (E.C. 1.14) cata- 
lysing the incorporation of molecular oxygen in 
the biosynthesis of both compounds. 
Epoxides are the primary products of the mixed 
functional oxygenation of unsaturated substrates 
(for a summary see [4]). During aromatic hydroxy- 
lations the epoxide intermediates are unstable and 
rearrange to the hydroxy compounds via carbonium 
ions which usually stabilize by a 1,2-anionotrppy, the 
NIH-shift [5]. This process results in a translocation 
of the hydrogen (or other substituents) replaced by 
the hydroxy group to the o-position. The hydroxy 
group of cyl offers an opportunity to study the NIH- 
shift induced by a m-hydroxylation. 
In this paper we present results of experiments on 
the incorporation of molecular oxygen into the epox- 
ide ring of cyn and cyl and into the m-hydroxy group 
Abbreviations: cyn = cyclopenin, cyl = cyclopenol. 
292 
R = H = cyclopenin 
R = *OH = cyclopenol 
Fig. 1. (Oxygens deriving from molecular oxygen are indicated 
by an asterisk.) 
of cyl, and also on the NIH-shift connected with the 
m-hydroxylation during cyl biosynthesis and with the 
p-hydroxylation of phenylalanine. 
2. Materials and methods 
D,L-Phenylalanine-14COOH and 1802 were com- 
mercial products. a-, m-, andp-T-D,L-phenylalanine 
were prepared by reductive tritiation of o-bromo-, 
m-chloro-, and p-chloroD,L-phenylalanine respectively 
North-Holland Publishing Company - Amsterdam 
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positive ions negative ions 
m/e 237 (253) 
H 
m/e 180 (196) 
0 
a :p, 0 ’ gc 
d 
Yf 
m/e 176 
Fig. 2. Most probable structures of the positive and negative fragment ions of table 1 (oxygens deriving from the epoxide and the 
m-hydroxy group are indicated by an asterisk). 
on a Pd-charcoal catalyst *. Oxidation of the tritiated 
phenylalanines to benzoic acid and determination of 
the T-distribution according to ref. [6] proved about 
98% of the radioactivity to be localized in the indi- 
cated positions. 
For culture of Penicillium cyclopium, isolation of 
the alkaloids formed and measurement of the radio- 
activity see ref. [3]. 
The mass spectra were recorded on the Dresdener 
Molekiiimassenspektrographen of the Forschungs- 
institut M. v. Ardenne, Dresden [7] **. For a detailed 
discussion of the spectra see refs. [8, 91. 
* We gratefully acknowledge gifts of m- and p-chloro-D,L- 
phenylalanine from Chas. Pfizer & Co., Inc., Groton 
(USA). The reductive tritiation done by Dr. Uhlenhut 
(Leipzig) is very much appreciated. 
** We thank Dr. R.TUmmler for recording the mass spectra. 
2.1. Isolation, iodination and decarboxyiation of 
L-tyrosine 
Fresh mycelium of I? cyclopium (about 1.5 g dry 
weight) was thoroughly washed and homogenized in 
20% acetic acid. The homogenate was centrifuged and 
the clear supernatant evaporated to dryness in vacua. 
The residue was extracted with alcohol-HCl (10: 1). 
After filtration 1 mmole of inactive L-tyrosine was 
dissolved in the extract and the amino acid precipi- 
tated with pyridine. It was recrystallized to constant 
specific activity from 50% acetic acid. 
The Ltyrosine obtained was iodinated with KI/I2 
in an aqueous solution of methylamine to give 3,5-di- 
iodo-Ltyrosine, which was recrystallized from 60% 
acetic acid, m.p. 195-7”. 
For the thermic decarboxylation of tyrosine in 
diphenylamine see ref. [lo] . 
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Table 2 
Specific incorporation of D,L-phenylalaninsT-14C into cyn, cyl and tyrosine by P. cyclopium. Hydroxylation induced NIH-shift. 
o-T-D,L-phenylalaninsl4COOH m-T-D,L-phenylalaninel4COOH p-T-D,L-phenylalanine-14COOH 
T 14c T/14C T 14c T/14C T 14c T/14C 
I/min nmole I/min nmole I/min nmole 
D,L-phenylalanine 5780 395 14.6 5260 453 11.6 3660 438 8.4 
Cyclopenin 1000 70.4 14.2 541 47.8 11.3 422 60.1 7.0 
Cyclopenol 241 17.6 13.7 111 14.5 7.6 118 16.9 7.0 
L-tyrosine * 4.95 0.49 10.2 0.80 0.12 6.8 2.00 0.40 5.0 
3,5-diiodo-L-tyrosine 5.30 0.46 11.5 0.03 0.12 - 0.08 0.34 - 
Tyramine 5.25 0.01 - 0.20 ** 0.02 - 0.20 ** 0.01 - 
co2 *** - 0.27 _ 0.06 - 0.21 
Cultures of P.cyclopium were grown on 50 ml nutrient solution in 200 ml Erlenmeyer flasks. On the 6th and 7th day after inocu- 
lation 50 pmole D,L-phenylalanine-T-14C was added to each flask. The cultures were harvested on the 8th day. 
* The low specific radioactivity of tyrosine compared with cyn and cyl is due to the dilution with inactive tyrosine during the 
isolation procedure. 
** The considerable loss of tritium during the thermic decarboxylation is probably due to a diphenylamine catalyzed exchange 
of the hydrogen in o-position to the hydroxy group. As to be expected no exchange is observed in that tyrosine derived 
from o-T-phenylalanine. 
*** In all three cases the CO2 contained only about 50% of the calculated specific radioactivity. Because the tyramine formed 
was almost free of 14C evidently only approximately half of the CO2 derives from the carboxy group of tyrosine. 
3. Results and discussion 
Feeding of 1802 to cultures of P. cyclopium and 
subsequent mass spectrographic evaluation of the 
IgO-content of cyn and cyl formed (table 1) prove 
the epoxide oxygen present in both alkaloids and 
the m-hydroxy group of cyl to derive from molecular 
oxygen. These groups therefore are introduced by 
mixed functional oxygenases. The isotope enrich- 
ment of both alkaloids was about 13%. In cyl it is 
almost evenly distributed between the two labelled 
oxygen atoms. Therefore the 18O-enrichment per 
ogygen labelled in cyn is twice that in cyi, a conse- 
quence of the fact that at the beginning of the feed- 
ing experiment more cyl was present than cyn [3] . 
To show the specificity of the oxygen incorpora- 
tion, the data of the molecular ions are compared 
with those of a number of fragment ions in table 1. 
The most probable structures of the selected fragment 
ions, without consideration of resonance forms, are 
reproduced in fig. 2. 
To characterize the m-hydroxylating enzyme sys, 
tern participating into cyl biosynthesis, experiments 
with specifically ring-tritiated D,Lphenylalanine- 
1‘WOOH were performed (table 2). Only with m-T- 
D,Lphenylalanine-14COOH a change of the T/14C 
ratio in cyl due to a specific loss of tritium could be 
observed, though more than half of the T-label is 
retained. This indicates a partial NIH-shift, which 
in two independent experiments resulted in the 
same T-retention of about 35%, assuming that only 
one of the two m-positions is hydroxylated. 
In addition to the alkaloids Ltyrosine was iso- 
lated in these experiments. The results of its degra- 
dation (iodination and thermic decarboxylation) 
(table 2) demonstrate that it had been formed directly 
from phenylalanine by a p-hydroxylation connected 
with a NIH-shift. In this case the T-retention is at 
least 60%, based on the T/I4C ratio in the p-T-D,L 
phenylalanine-14COOH. However, the usual value of 
the T-retention (>90%) is obtained, taking into ac- 
count the presently unexplainable diminution of the 
295 
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T/14C ratio also found in those tyrosine preparations 
deriving from o- and m-T-phenylalanine-14COOH 
respectively. 
The above results are the basis for a more detailed 
comparison of the m- and p-hydroxylating enzyme 
systems of P. cyclopium. Experiments with cell-free 
preparations are under investigation. 
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